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MacRae: Microbes And Arsenic Contamination Of Groundwater In Maine

Chapter 7
MICROBES AND ARSENIC CONTAMINATION
OF GROUNDWATER IN MAINE: IS THERE A
LINK?

Jean D. MacRae
University of Maine Department of Civil and Environmental Engineering, 5711 Boardman
Hall, Orono, ME 04469-5711.

Abstract:

High arsenic concentrations occur naturally in groundwater in some locations
and can result in serious health effects when the groundwater is used as a
drinking water supply. The effects have been well documented in Bangladesh,
where millions of people have been exposed to unacceptably high arsenic
concentrations since the 1970s and serious health impacts, such as cancer,
have emerged. Here in the USA, there are several problem areas, among them,
parts of Maine. In 2001, an isolate named NP4, later identified by 16S rRNA
sequencing as a member of the genus Sulfurospirillum, was obtained from a
contaminated well in Northport, Maine. The well is among a cluster of wells
with very high arsenic concentrations, and with no known anthropogenic
sources of arsenic. At the time of sampling, the total arsenic concentration in
the water was 1400 ppb. The presence of NP4 in groundwater, and its ability
to reduce arsenate as well as a variety of other electron acceptors, including
Fe(III) and Mn(IV), prompted a fluorescence in situ hybridization (FISH)
study to determine its prevalence in the environment. Well water was taken
from wells in the Northport area and in the Branch Lake area of Ellsworth,
Maine, where the groundwater has much lower concentrations of arsenic, but
with some readings still higher than the drinking water standard of 10 ppb. In
the Northport area, NP4 accounted for as much as 16% of the total suspended
bacterial population. While NP4 as a percentage of total bacterial numbers
does not correlate with total As concentrations in groundwater, it does
correlate with As(III). A positive correlation was also found between
Geobacter, a genus that includes many iron-reducing bacteria, and total
arsenic. These results indicate that microorganisms may be important in
arsenic mobilization and speciation in groundwater.
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1.

Contaminated Soils- Heavy Metals

INTRODUCTION

Drinking water is probably the most important source of arsenic in
humans who are not occupationally exposed (Matschullat, 2000; Smedley
and Kinniburgh, 2002), and a causal link between arsenic exposure in
drinking water and cancer has been made (USEPA, 1998). Surface and
groundwater may be contaminated with arsenic through human activities
such as mining, wood preservation and agricultural use of arsenic
compounds among others (Smith et al., 1998; Smedley and Kinniburgh,
2002). Naturally high arsenic levels also occur in waters affected by
geothermal activity and in groundwater where aquifer materials contain
arsenic (Smedley and Kinniburgh, 2002). Notably, in China, Taiwan,
Bangladesh, and India, large populations have been exposed to high arsenic
concentrations in drinking water, which has resulted in mass chronic arsenic
poisoning with devastating health consequences (e.g. USEPA, 1998;
Mukhopadhyay et al., 2002). Many other countries, including the United
States, are also affected by high arsenic concentrations.
Parts of eastern New England, including regions in Maine, have
groundwater with elevated levels of arsenic. The USGS has conducted two
major surveys of the area and found that high groundwater arsenic correlates
with calcareous metasedimentary bedrock (Ayotte et al., 1999; Ayotte et al.,
2003). In Northport, Maine, the arsenic concentration in groundwater from
some wells exceeds 1000 µg l-1. Since the bedrock at the site is enriched
with arsenic and local surface water is not contaminated, the source of
arsenic is thought to be natural (Lipfert et al, 2005).
At publicly owned treatment facilities in the United States, the arsenic
concentration must be monitored and maintained below the maximum
contaminant level (MCL) of 10 µg l-1. Arsenic can be removed from
drinking water by a variety of means, including adsorption, ion exchange
and reverse osmosis (USEPA, 2000). Water treatment can therefore reduce
arsenic to acceptable levels if an uncontaminated source is not available.
Where water is self-supplied, however, there is no testing or treatment
requirements, and users may be unaware that they are consuming
dangerously high levels of arsenic. In Maine, nearly half of the population
relies on private wells for drinking water, and up to 13% of these wells
contain arsenic above the 10 µg l-1 MCL (Loiselle, et al. 2002). A better
understanding of arsenic cycling in the subsurface is needed to develop
management tools and direct resources to education and outreach activities
in areas that are likely to be affected by high arsenic concentrations.
Microorganisms can potentially affect arsenic speciation and mobility
in a number of ways. They may act directly on an arsenic species, either
oxidizing As(III) or reducing As(V). As(III) oxidation by chemolithotrophs
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has been reported in surface water fed by geothermal sources (e.g. Wilkie
and Hering 1998, Langner et al. 2001). As(V) reduction can be mediated by
detoxification systems like the ars operon (Rosen 2002), or by arsenaterespiring microorganisms. Arsenate respiring bacteria have been isolated
from an array of environments (see Oremland and Stolz, 2005). Since the
form of arsenic affects its toxicity and mobility in the environment, these
microbial activities could affect both the environmental concentration and
effects of arsenic. Microorganisms may also affect arsenic indirectly, by
altering or solubilizing minerals or surface sites that bind arsenic, resulting
in its release into the water. Since ferric iron is common and binds arsenic
strongly, iron reducers, like those from the genus Geobacter, could affect
arsenic mobility indirectly. In areas where arsenic is present in aquifer
materials, any of these activities might affect arsenic levels in groundwater.
As a first step in determining the effects of microorganisms on arsenic
mobility, water from a high arsenic well in Northport, Maine was incubated
with added arsenic and a carbon source. An arsenate-respiring isolate was
obtained and characterized. Respiration reactions where arsenate is used as
the terminal electron acceptor result in the formation of As(III), which is the
more toxic form of arsenic (Newman et al. 1998, Stolz and Oremland 1999,
Smedley and Kinniburgh 2002). These reactions might also result in greater
arsenic mobility under some conditions. The prevalence of these
microorganisms in groundwater was determined by fluorescence in situ
hybridization (FISH) to determine if they were likely to have an effect on
groundwater chemistry. The prevalence of microorganisms from the genus
Geobacter, which are iron-reducing bacteria that could affect arsenic
mobility indirectly, was also determined.

2.

MATERIALS AND METHODS

2.1

Sampling

Water samples were taken from University of Maine Geology
Department research well Baker # 39 located in Northport, Maine (Lipfert et
al. 2005) from a depth of 30 m for the enrichment and isolation. Water was
collected via sterile tygon tubing fed through a peristaltic pump. After
pumping for 20 minutes, 25 ml samples were pumped into sterile, nitrogenpurged 30 ml serum bottles and crimp sealed. These samples were amended
with 10 mmol l-1 sodium acetate and 1 mmol l-1 sodium arsenate upon return
to the laboratory. Later transfers were made into media containing lactate
instead of acetate. The arsenic concentration in the groundwater samples
measured by ICP (APHA 1998) was 1446 µg l-1.
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For FISH and chemical analyses, 12 samples were either taken from
boreholes as described above, or from outside taps prior to any treatment at
private residences. Conductivity was measured with a Hach CO150 meter,
pH, and temperature were monitored using a Hach EC20 meter until
readings stabilized prior to taking samples. For total arsenic, 25 mL samples
were filtered through a 0.45 mm syringe filter and acidified to 0.2 M nitric
acid. For arsenite, 25 mL samples were acidified with hydrochloric acid to a
concentration of 0.05%, and passed through a BioRad™ laboratories AG 1X8 resin Poly-Prep 0.8 x 4 cm column prior to nitric acid addition. Five
hundred milliliters of sample from each site was taken for analysis via the
FISH method in sterile, N2-flushed bottles and 3.7 % formaldehyde was
added. All samples were kept on ice until they reached the lab and stored at
4 oC until analysis.

2.2

Isolation and culture conditions

Strict anaerobic procedures were followed at all times when handling
these organisms (Breznak and Costilow 1994). Headspaces of all vessels
were flushed with filtered N2 gas prior to dispensing media or cultures. The
defined media used to grow NP4 is described elsewhere (Weldon and
MacRae, 2005). When solid media was required for colony isolation, 2%
washed agar was added to the media and the cultures were serially diluted in
agar deeps. Colonies were picked using a sterile, stretched Pasteur pipette
and transferred to fresh liquid media.

2.3

Electron donor and acceptor surveys

For electron donor/carbon sources, arsenate was added to serum bottles
containing defined media to a final concentration of 1 mmol l-1 and the
following carbon sources were added to separate serum bottles to a final
concentration of 10 mmol l-1: acetate, acetate + H2, butyrate, citrate, ethanol,
formate, fumarate, glucose, glycerol, lactate, methanol, pyruvate, and
succinate. At intervals, samples were withdrawn and monitored for the
reduction of arsenate to arsenite and growth of NP4. NP4 was transferred
into fresh media with each electron donor twice prior to being scored
positive for its use. For electron acceptors, the media was prepared with 10
mmol l-1 lactate or formate. The following TEAs were added to a final
concentration of 10 mmol l-1: Na2SeO4, Na2SO3, MnO2, NaNO2, NaNO3,
Na2SO4, Na2S2O3, Fe(III) prepared by neutralizing FeCl3 with NaOH. For
O2, 10 mL air was included in the headspace. Sodium arsenate was added at
1 mM to prevent toxicity. NP4 growth and lactate consumption were
monitored over time. Selenate, manganese and Fe(III) reduction also
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produced color changes. The results were confirmed using formate as C
source.

2.4

Analyses

Arsenite, arsenate, lactate and acetate concentrations were quantified
over time using a Hewlett Packard model 1050 High-Performance Liquid
Chromatography (HPLC) with a diode array UV detector (Culbertson et al.
1988, as modified by Laverman et al. 1995). The HPLC was fitted with a
Bio-Rad HPX-87H organic acid column and a Phenomenex SecurityGuard
column with carbo-H+ inserts. The mobile phase was 5 mmol l-1 sulfuric
acid delivered at 0.2 mL min-1. Injections (35 µL) were made onto the
column, and the run time was 80 minutes. The detector was set at 192 nm for
arsenate species and 220 nm for carbon species.
The headspace of culture bottles was analyzed for CO2, CH4, and H2 by
gas chromatography. Samples (500 µL) were withdrawn from the headspace
and the gases were separated using a GOW Mac 600 series gas
chromatograph with a TCD detector and a Carboxen 1000 column. The run
program was: 35 oC for 5 min, then a 20 oC min-1 ramp to 225 oC. The
balance gas was argon at a 30 ml min-1 flow rate.
For growth experiments, cell density was monitored using acridine
orange (AO) direct counts (Murray and Robinow 1994). Stained cells were
counted using a Nikon Eclipse E400 epifluorescence microscope with a Chiu
Technical Corporation Mercury-100W lamp and a FITC-acridine orange
filter set.
Metals in the groundwater samples were measured via Inductively
Coupled Plasma-Atomic Emission Spectometry (ICP-AES) using a PerkinElmer Optima 3300XL axial view ICP-AES (US EPA, 1996).

2.5

Polymerase Chain Reaction (PCR) and Sequencing

PCR amplification of the 16S rRNA was carried out using the primers
27F: 5’- AGAGTTTGATCATGGCTCAG (bacterial) or 530F: 5’GTGCAAGCAGCCGCGG
(universal)
and
1492R:
5’GGTTACCTTGTTACGACTT (Lane 1991; Giovannoni 1991) and the
Qiaquick-purified product (Qiagen) was sequenced. The sequence was
submitted to Genbank and assigned the accession number AY756183.
BLASTn was used to determine phylogeny (Altschul et al., 1997).
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Contaminated Soils- Heavy Metals

Fluorescence in situ Hybridization (FISH)

The FISH method was modified from Karner et al. (2001) as described in
(Weldon and MacRae 2005). Briefly, 3.7% formaldehyde fixed cells were
filtered through 0.2 µm filters (Nucleopore) and placed in a humidified
chamber with 100 µl 50% formamide buffer and 4 µl 1 mg ml-1 IDT FAM
labeled NP4-specific (5’-TATCGCTTCTCTTTGTCCTAGCCA) or
Geobacter specific (5’- TACCCGCRACACCTAGT) probe. The
hybridization temperature was 75 oC, and the wash temperature was 55 oC.
The samples were viewed by epifluorescence microscopy as for the AO
counts. The DAPI counterstain was viewed with a DAPI/Hoechst filter set.

3.

RESULTS

Enrichment cultures made from the groundwater samples were tested for
arsenate reduction by As(III) production. Significant concentrations of
As(III) were observed in transfers into media containing 1 mmol l-1 arsenate
and lactate, but not in acetate media, or in media containing 5 or 10 mmol l-1
arsenate. To isolate colonies, the enrichment cultures in which arsenate
reduction was observed were serially diluted and inoculated into agar shake
tubes containing minimal media prepared with 2% agar. Attempts to grow
these organisms on plates were unsuccessful. Small, diffuse, white colonies
appeared in media containing 10 mmol l-1 lactate and 1 mmol l-1 arsenate.
Colonies were picked and transferred to fresh liquid media. The colony
isolation was repeated, and microscopic examination showed a single, gram
negative curved rod or S-shaped, motile cell type. Cells were able to grow at
temperatures as low as 4 °C.
Sequencing of the PCR-amplified partial 16S rRNA gene, obtained using
bacterial primers, yielded a 1342 base sequence, which was submitted to
Genbank and assigned the accession number AY756183. Blastn analysis
showed that this isolate has no identical matches in the database, and clusters
within the ε-Proteobacteria. NP4 are closely related to several
Sulfurospirillum species, among them, species that have been shown to
respire arsenate and chlorinated solvents (Stolz et al. 1999, Luijten et al.
2003).
The range of electron acceptors that NP4 can use, based on growth in
media containing 10 mmol l-1 lactate and a variety of electron acceptors at 10
mmol l-1, are shown in Table 1. Growth was confirmed by growth on
formate media, since NP4 could not grow on this carbon source alone. NP4
can grow anaerobically at the expense of a variety of electron acceptors, but
cannot use oxygen.
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The results of the carbon and electron donor survey are also shown in
Table 1. In addition, NP4 was tested for growth in the absence of an electron
acceptor on the carbon sources it could use. NP4 could not grow on formate
or pyruvate in the absence of an added electron acceptor, but could grow on
lactate, though more slowly than with an electron acceptor, and on fumarate
alone.
Comparison of FISH prevalence data and water chemistry at the
sampling sites yielded interesting results. Linear regression analyses of NP4
prevalence vs concentration for iron and total arsenic showed no relationship
(r2 = 0.01 and 0.29, respectively), but NP4 prevalence did correlate with
arsenite (r2 = 0.86). Geobacter was strongly positively related to total arsenic
(r2 = 0.74) and had somewhat weaker correlations with arsenite (r2 = 0.63)
and iron (r2 = 0.54).
Table 1. Growth of NP4 on different electron acceptors and carbon sources
Lactate use and
Reduction of As(V)
Electron Acceptor
Carbon source
Growth
and Growth
Arsenate
+
Acetate
Fe(III)
+
Acetate + H2
Fumarate
+
Butyrate
Mn(IV)
+
Citrate
Nitrate
+
Ethanol
Nitrite
Formate
+
Oxygen
Fumarate
+
Selenate
+
Glucose
Sulfate
Glycerol
Sulfite
+
Lactate
+
Sulfur
+
Methanol
Thiosulfate
+
Pyruvate
+
Succinate
-

4.

DISCUSSION

The results in Table 1 show that NP4 can grow anaerobically at the
expense of several different electron acceptors. In the absence of an electron
acceptor, it can grow at the expense of fumarate or lactate, but overall
appears to have a fairly restricted organic carbon substrate usage profile. The
electron acceptor usage of NP4 invites speculation on what it might be doing
in the groundwater environment. Since it can reduce As(V), it could have a
direct impact on arsenic speciation in groundwater. Its ability to reduce the
solid phase electron acceptors Fe(III) and Mn(IV),both of which can bind
arsenic, indicates that it could also cause release of arsenic from subsurface
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materials by indirect means. The ability of NP4 to reduce sulfur compounds
and to ferment some organic carbon substrates provides alternative modes of
growth such that NP4 could also exist in the subsurface without affecting
arsenic cycling in the groundwater at all.
Since NP4 accounted for up to 16% of the total population in some
Northport groundwater samples, it could have a significant impact on water
chemistry at those sites. NP4 (as a percentage of the total microbial
population) correlated strongly with the arsenite concentration in Northport
groundwater but not with either iron or total arsenic. These results suggest
that NP4 does not control the total arsenic concentration, but it might indeed
be reducing As(V) in groundwater and adversely affecting the water quality
in situ. The lack of correlation with iron suggests that NP4 is probably not an
important iron reducing bacterium in this system.
The presence of As(III) in groundwater is problematic for a number of
reasons. The primary reason for concern is that As(III) is more toxic than
As(V) (Newman et al. 1998, Stolz and Oremland 1999, Smedley and
Kinniburgh 2002). There is more controversy over the issue of mobility.
This issue is discussed in some detail by van Geen et al. (2004), but under
field conditions As(III) is often reported to be more mobile (e.g. Newman et
al. 1998, Bose and Sharma 2002, Smedley and Kinniburgh 2002, Islam et al.
2004). As(III) is also more difficult to remove from water using typical
treatments such as ion exchange columns, adsorption columns and reverse
osmosis (Kartinen and Martin 1995, USEPA 2000, Ning 2002). Removal of
As(III) typically requires the addition of an oxidation step to improve
performance. Regardless of the mobility issue, then, reduction of As(V) in
groundwater, which NP4 appears to contribute to, results in a degradation of
water quality through an increase in arsenic toxicity, and increased cost and
difficulty of treatment.
The correlation between Geobacter prevalence and total arsenic suggests
that iron reduction controls arsenic mobility in this system. This has also
been reported elsewhere (e.g. Islam et al., 2004; van Geen et al., 2004;
Horneman et al., 2004). Geobacter species are able to use solid phase
electron acceptors such as iron(III) oxides but are not known to reduce
arsenate (Nevin and Lovely, 2000). They could thus contribute to the release
of arsenic by solubilizing As-bearing iron minerals in the bedrock or iron
based surface coatings that adsorb arsenic. If this is the case, the weaker
correlation between Geobacter and iron requires further examination. This
could either mean that Geobacter species are not the only important iron
reducers in the system or that insoluble Fe(II) products such as magnetite,
siderite or vivianite, are being formed. If arsenic concentration is controlled
by Geobacter through the availability of Fe(III) binding sites, our results
support the latter interpretation, however the data are not conclusive.
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The weak correlation between Geobacter and As(III) is interesting. Since
no Geobacter species are currently known to be able to reduce arsenate, the
correlation could indicate that the activity of Geobacter is required for NP4
to act. One mechanism that would be consistent with this interpretation is
that NP4 can only use soluble As(V) and thus requires Geobacter to release
arsenic before it can be reduced.
A prerequisite for the activity of both of these populations is anaerobic
conditions. Organic carbon is often the driver for the generation of reducing
conditions in groundwater. NP4 also requires an organic carbon source for
growth and arsenate reduction. This is generally the case for reduction of
Fe(III) binding sites as well. Organic carbon availability could thus be a
factor that limits these activities in the subsurface. The sources of TOC in
situ and potential effects of land use and management in affected areas
should be investigated with these activities in mind.
In conclusion, Sulfurospirillum species NP4 is a unique arsenate
respiring microorganism from high arsenic, but otherwise uncontaminated
groundwater at Northport, Maine. Based on correlations between population
prevalence and groundwater chemistry, it appears that NP4 affects the
speciation but not the overall concentration of arsenic. Members of the
Geobacter genus may control arsenic release at the site.
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